The present paper proposes a compliance control method utilizing kinematic redundancy of the dual-arm robot. When the dual-arm robot is performing a given task which requires not only the object compliant motion but also the compliant motion of several points on the links of the dual-arm robot, it is needed to control the object compliance and the compliance of those points simultaneously. The method presented here can regulate the compliance of several points on the dual-arm robot as well as the object compliance through regulation of the joint stiffness. The rigid object manipulated by the dual-arm robot can be modeled as a virtual link depending on the size of the object and the contact type between the object and the end-effectors. As a result, the points on the links of the dual-arm robot can be regarded as the virtual point objects grasped by the virtual dual-arm robots, and the compliance control for the virtual objects can be developed as well as the object compliance control. The forward relationship from the joint compliance matrix to the multi-object compliance matrix is formalized, and then the general solution of the inverse problem, that is to specify the joint servo gain of the dual-arm robot to achieve, as close as possible, the desired multi-object compliance is presented. To demonstrate the effectiveness of the proposed method, the simulation experiments are performed.
Introduction
There are many tasks that require cooperative manipulation by dual-arm robots for industrial manufacturing, ranging from simple handling tasks to more complicated assembly tasks. Also, dual-arm robots may be applied to robotics in unstructured environments such as the space and the ocean where auxiliary equipments are not available1).
One of the most important features of the dual-arm robot which manipulate a common object is that the arm and the object form a closed kinematic chain. In the present paper, the MPCC for dual-arm robots is developed. When a rigid object is manipulated by the dual-arm robot, we can model the object as a virtual link depending on the size of the object and the contact type between the object and the endeffectors. As a result, a point on the link of the dual-arm robot can be modeled as a virtual point object grasped by a virtual dual-arm robot, and the compliance control for the virtual object can be developed as well as the object compliance control.
The method presented here is effective for certain environments where some obstacles impose restrictions on the task space.
First of all, we formalize the kinematic relationships between the joint compliance and the compliance of several virtual objects on the links including the grasped object. We then derive the joint stiffness to achieve the desired multi-object compliance. The dual-arm robot may become over-constrained depending on the contact type and the number of the objects whose compliance we wish to regulate. The method presented here can give the optimal joint stiffness even for the over-constrained cases in the least squared sense. Finally, the effectiveness of the proposed method is shown by computer simulations. We consider a dual arm robot manipulating a common object as shown in Fig. 1 . The robot is performing a task which requires the object's compliant motion. Since the arms are inserted through the holes of a wall, they may collide with it due to some external force. Then, as shown in Fig. 1 , we locate a virtual object on the closest point of each arm to the wall. Using virtual objects, the interaction between the robot and its environment can be considered within the framework of the compliance control method. For example, to avoid any collision, the compliance of the virtual object should be as small (stiff) as possible in the direction of the wall19).
Forward Kinematics for Object Compliance
We define a set of Cartesian coordinate system as ed on the object at the contact point where the z axis is normal to the object and the other axes are tangential to the object, and (iii) the object coordinate changes in accordance to the motion of the object.
Forward force/motion relationships of the dualarm robot while grasping a common object can be summarized in Fig. 2 . In the present paper, it is assumed that the contact points between the endeffectors and the object are constant, i.e., there is no slip motion between the end-effectors and the object. Using the force/motion relationships shown in Fig. 2 , we can derive the forward kinematic relationships which relate a set of (m1+m2) joint coordinates to a set of l object coordinates. The forward kinematic equations of the object are given by:
assure that all forces/moments of the object can be controlled by manipulators, it is assumed that the rank Go is equal to l.
To derive the forward kinematics for the object compliance, we define the compliance matrices of each space as follows:
Joint Space:
End-effector Space: Object Space:
Using (1)- (3) and the compliance matrices defined above, we can obtain the forward kinematic relationship from the joint compliance to the object compliance via the transmission compliance, as given by Cotr=GoCoGTo (11)
Forward Kinematics for Virtual Object Compliance
To derive the kinematic relationship for the i-th virtual object's compliance, we introduce the virtual dual-arm robot corresponding to the i-th virtual object, as shown in Fig. 3 . In the virtual dual-arm robot, the grasped object is treated as a virtual link.
As a result, for the i-th virtual object, the virtual space with the same kind of definition of compliance matrices as (6)- (10) is given as Fig. 4 where Jk1 is the Jacobian matrix relating the joint displacements of the arm-1 which are the part of k-th virtual arm to the k-th virtual end-effector. In this contact types between end-effectors and the object.
On the other hand, the forward kinematic equation from the joint compliance Cj to the i-th virtual object (21) 
Concatenated Forward Kinematics
In order to express the forward kinematics for the object and the virtual object simultaneously, we concatenate those forward kinematics:
F=GTFtr (24) forces/moments on the multi-object from the end-effectors.
n is the number of the objects whose compliance the multi-object and the concatenated transmission displacements, respectively.
Consequently, the concatenated form of the forward kinematic from the joint compliance matrix, Cj, In the proposed method, the matrix Z in (38) is set equal to zero, or we use the minimum norm solution of (32), and given by
Equations (36), (37), (39) and (40) give the closest object compliance to the desired one in the least squared sense for the cases which the desired compliance cannot be realized. On the other hand, when the exact solution of Cj in (29) exists, the computation of the joint compliance matrix becomes simple:
The non-singularity of the joint stiffness matrix, Kj, can be assured like the follows: let's assume the desired multi-object compliance matrix, C*, be positive-semidefinite matrix. Substitute (28) and (36) into (39) using C* as C of (28) As a result, the joint stiffness matrix, Kj, is given by where This secure that Kj is always non-singular.
Then we consider the stability of the realized multi-object compliance matrix, Creal. Using (28) and (29) we can get
Since Cj is a positive-semidefinite matrix, Creal is also a positive-semidefinite matrix. This secures the stability of the multi-object compliance control.
Applications to Collision Avoidance
To demonstrate the effectiveness of the proposed method, simulation experiments were performed. In the simulation experiments, the MPCC was applied to collision avoidance problem using a planar dual-arm robot as shown in Fig. 5 (m1=5, m2=5, l=3 ).
The dual-arm robot is needed to perform a task The simulation experiment is performed using the PD controller, ments of both arms. We used the Appel method for multi-arm robots23) and the link parameters of each arm are shown in Table 1 . The mass and the moment respectively. tion where the contact types between the object and both arms are the point-contact with friction (lc1=lc2 =2).
On the other hand, Fig. 6(b) and Fig. 7(b) show the time history of the virtual object displacements, control algorithm, where dxvo, dyvo are the displacements in the direction of xvo and yvo axes of the the displacement of the rotation angle of the virtual object. The displacements of the object in the steady state for the two kinds of compliance control (using the MPCC and consider to control only the object compliance) are almost the same. In terms of the virtual object, however, the effect of the MPCC appears clearly. It can be seen that the MPCC can utilize effectively the redundant joint degrees of freedom.
Conclusion
We have proposed the Multi-Point Compliance
Control method for dual arm robots utilizing kinematic redundancy. The method was able to regulate the compliance or stiffness of several points on the dual arm's links as well as the object compliance.
In the present paper, we have concentrated on the resultant forces and moments of the object through the regulation of the joint stiffness according to a given task, for example, to restrain some external forces or to produce a desired force to generate a certain trajectory. In general, the internal compliance/stiffness which is used to stabilize the grasp and preserve the end-effector forces in the "push" direction to the object, can be controlled by the proposed method with slight change of the corresponding matrices.
The realized multi-object compliance, Creal, is not always equal to the desired compliance, C*. In terms of the stability, this difference doesn't become a serious problem, because the positive-semidefiniteness of
Creal is always hold. In term of the task purpose, however, this could be problem. This problem such as the coupling elements could be avoided by using the weighting matrix W. Unfortunately, the weighting matrix W can specify only the order of priority of the row and column of the desired multi-object compliance matrix, C*. So, we need some improvements about the weighting function as further research.
Further research also will be directed to develop the Multi-Point Impedance Control which enable to control the impedance, not only the compliance, of several points simultaneously. 
